INTRODUCTION
============

Helicases are motor proteins that unwind duplex nucleic acids ([@B1]). Processive helicases initiate unwinding at origins of replication and are responsible for providing the single-stranded template for DNA replication. However, under conditions of stress when replication forks stall or collapse at sites remote from origins of replication specialized helicases are required to re-start replication. These processes are best understood in bacteria ([@B2]), but homologues of prokaryotic DNA repair helicases are also known in eukaryotic cells. This is exemplified by the RecQ family of helicases that unwind DNA in the 3′→5′ direction ([@B3]) and are involved in homologous recombination, the re-start of stalled replication forks and the implementation or transduction of signals that enforce an S-phase checkpoint. Several hereditary cancer predisposition syndromes resulting from mutations of RecQ genes are known demonstrating the importance of this helicase family in the maintenance of genetic stability ([@B4]).

The Pif1 protein has also been identified as a helicase required for genome stability. *Saccharomyces cerevisiae* Pif1 (*S.c.*Pif1) was first recognised as a non-essential nuclear gene required for the repair of mitochondrial DNA after UV or chemical damage ([@B5]), and for mitochondrial genome maintenance at elevated temperature ([@B6]). *S.c.*Pif1 was later re-identified as a gene with a function in telomere length maintenance ([@B7]) and a *Schizosaccharomyces pombe* gene with a function in genomic DNA repair, revealed by the sensitivity of mutants to DNA-alkylating agents ([@B8]). Pif proteins are non-processive 5′→3′ helicases and member of helicase superfamily 1 \[SF1; ([@B9; @B10; @B11])\]. *S.c.*Pif-1 acts as an inhibitor of telomere addition in the telomere maintenance process ([@B12]). Other studies implicate *S.c.*Pif1 in ribosomal DNA (rDNA) replication ([@B13]) and Okazaki fragment processing ([@B14]), where it functions in conjunction with the Dna2 helicase/nuclease. Baker's yeast also has a second Pif-like gene, RRM3 \[40% identical and 60% similar; ([@B15])\]. The role of Rrm3 appears to be to promote replication processes by displacing DNA bound proteins or resolving DNA secondary structures ([@B13],[@B16]). *Schizosaccharomyces pombe* encodes only one Pif protein that is essential for completion of chromosomal DNA replication and hence viability ([@B8],[@B11],[@B12]).

Pif1 is conserved in eukaryotes and also shares significant homology with the *Escherichia coli* helicase RecD, principally in the seven core SF1 helicase motifs. RecBCD is a bipolar helicase/nuclease complex that is required for Okazaki fragment processing and recombination-mediated rescue of stalled replication forks, suggesting this as another possible replication function of eukaryotic Pif1 ([@B17]). Little is known about the replication pathways in which the human enzyme (hPif1) functions. Like *S.c*Pif1, the hPif1 gene is not essential ([@B18]) and there are nuclear and mitochondrial splice variants ([@B19]). The protein associates with telomeres *in vivo*, inhibits telomerase *in vitro* ([@B17]) and siRNA-mediated depletion results in cell-cycle delay at S-phase, suggesting a role in chromosome maintenance associated with DNA replication ([@B19]). We have characterized the DNA binding and unwinding properties of purified recombinant hPif1 helicase domain (hPifHD) and the full-length nuclear form of the enzyme. [Figure 1](#F1){ref-type="fig"}A details the hPifHD fragment employed and the organization of the conserved motifs. In the N-terminal 1--200 amino acids there is only limited sequence conservation and it has been suggested recently that this domain may have strand-annealing activity ([@B20]). We show here that the hPif helicase core domain interacts preferentially with ssDNA molecules greater than 35 bases and that ssDNA interactions promote its DNA remodeling activities that include dsDNA unwinding and also ssDNA annealing. However, hPifHD and the full-length enzyme also act on synthetic stalled DNA replication fork-like structures *in vitro*, where the ds- and ssDNA components of the substrate contribute to structure-specific recognition. The net result of hPif action on such substrates is to displace an oligonucleotide corresponding to the putative leading replication strand. These data suggest that hPif may act on stalled replication forks and this activity may be important for genome stability. Figure 1.Purification and enzymatic activities of hPifHD. (**A**) Domain diagram of hPif. Amino acids 206--620 correspond to the conserved helicase domain. Relative positions of the seven conserved SF1 helicase motifs (I--VI) are indicated, and also motifs A, B and C (unknown function) characteristic of the same helicase family. (**B**) hPifHD fractions from a Superdex 75 column analysed on a 10% SDS-PAGE gel. The molecular weight of the purified protein corresponded to that predicted for hPifHD (45.5 kDa). The peak protein concentration was in fraction A11. (**C**) ATP*ase* activity of fractions was determined in the presence of a 55-base poly T oligonucleotide and correlated with protein concentration. (**D**) Helicase activity of the peak fractions was determined using a ^32^P labeled substrate with a 55 base T tail and a 20 bp duplex portion (PST55). S, native substrate; P, ssDNA product as determined by boiling the substrate. (**E**) Helicase activity was completely abolished by a mutation, E307Q, in the Walker B ATP*ase* motif (S, substrate; P, single-stranded product), but the mutant retained wild-type ssDNA-binding activity (PD, protein--DNA complex; D, free DNA). (**F**) hPifHD unwinds DNA in the 5′→3′ direction; statistical data for 3 repeats.

MATERIALS AND METHODS
=====================

Expression and purification of hPifHD and full length hPif1 protein
-------------------------------------------------------------------

Human hPif1 (nuclear form amino acids 1--641) and the hPif helicase domain (hPifHD amino acid residues 206--620) were cloned as a fusion protein with glutathione S-transferase in pET11c, as described previously ([@B21]). GST-hPifHD was expressed in *E. coli* BL21(DE3) cells for 8 h at 22°C, and GST-hPif1 at 20°C after the cultures had reached OD~600~ ∼0.8. All purification steps were at 4°C. Cells were lysed in 50 mM Tris--HCl pH 7.5, 400 mM NaCl, 10 mM EDTA, 10% v/v glycerol, 10 mM DTT and 1 mM PMSF ('lysis buffer') after treatment with lysozyme. The lysate was cleared (40 000 × *g*, 30 min) and the supernatant mixed with 0.125 volumes of 5 M NaCl before the addition of polyethyleinamine P (pH 8) to 0.5% w/v. After 5 min the solution was cleared (25 000 × *g*, 10 min) and proteins precipitated by the addition of 0.291 g of (NH~4~)~2~SO~4~/ml of supernatant (25 000 × *g*, 20 min). The pellet was dissolved in lysis buffer/0.4 M NaCl/1 mM PMSF and incubated with glutathione sepharose (GE Healthcare; 16 h, 1 ml of beads per 30 g of *E. coli*). Beads were washed sequentially in batch (2 × 10 min with 10 bead volumes) in lysis buffer/1 M NaCl/1 mM PMSF, lysis buffer/0.2 M NaCl/1 mM PMSF/0.5% v/v NP-40 and finally lysis buffer/0.2 M NaCl/1 mM PMSF/0.1% v/v NP-40. The beads were loaded into a column and washed with 40 bed volumes of lysis/1 M NaCl/1 mM PMSF and lysis/0.2 M NaCl/no PMSF. Protein was eluted from the column with GST elution buffer at 300 mM NaCl, as described previously ([@B21]), and digested with thrombin (∼10 units per 30 g starting wet weight *E. coli*) for ∼16 h to cleave off the GST moiety. hPifHD was purified further by ion exchange chromatography (Source-Q), on heparin sepharose (20 mM NaPhosphate buffer pH 7.2, 2.5 mM DTT, 10% glycerol, 0.5 mM EDTA, 0.5 mM PMSF, 0.1--0.6 M NaCl gradient) and finally a Superdex 75 column (GE Healthcare) equilibrated in 20 mM NaPhosphate pH 7.5, 300 mM NaCl, 10% v/v glycerol, 2.5 mM DTT, 0.1 mM EDTA. Peak fractions were pooled, concentrated and stored at −80°C. hPif1 was further purified by ion exchange chromatography (Source-S) and gel filtration (Superdex 75). hPifHD protein concentrations were determined from Abs~280~ readings obtained in the presence of 7.5 M guanidinium hydrochloride using a molar absorption coefficient of 47 555 cm^−1^ M^−1^. hPif concentration was determined by BioRad assay.

Helicase and strand annealing assays
------------------------------------

Test substrates were generated by annealing synthetic oligonucleotides (SigmaGenosys) to yield the substrates described and illustrated in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp671/DC1). For each substrate, one or all of the oligonucleotides, as indicated, was end-labeled with ^32^P using polynucleotide kinase (pnk) and (γ-^32^P)ATP (6000 Ci/mmol). Substrates were gel purified from 8% (19 : 1) poly-acrylamide gels (1× TBE running buffer). The helicase and strand annealing reaction buffer was 20 mM HEPES-NaOH pH 7.5, 20 mM NaCl, 5 mM MgCl~2~, 2 mM ATP, 1 mM DTT, 0.1 mg/ml BSA and 0.1% v/v NP-40. Reactions were performed at 20°C for 30 min and terminated by the addition of 0.2 volumes of 120 mM EDTA, 0.6% w/v SDS, 60% v/v glycerol and 0.1% w/v bromophenol blue. Products were resolved on 8% (19 : 1) poly-acrylamide gels and visualized and quantified following exposure of dried gels to a phosphorimaging plate (Fujifilm).

The substrate for the helicase processivity assay was generated from 4 oligonucleotides: 5′(T)~55~-CGAATTCGAGCTCGGTACCC (oligo PS1), 5′GTACCGAGCTCGAATTCG (oligo PS2), 5′CGAATTCGAGCTCGGTACCC (oligo PS3) and 5′GTACCGAGCTCGAATTCGGG (oligo PS4). Oligonucleotide PS2 was phosphorylated using (γ-^32^P)ATP and oligonucleotides PS3 and PS4 with cold ATP using pnk. After phosphorylation, oligonucleotides PS1 and PS2 were combined at equimolar concentrations, as were oligonucleotides PS3 and PS4, and annealed. Oligonucleotide PS1+2 was combined with a 5-fold molar excess of oligonucleotide PS3+4, fresh ATP added to 10 mM and ligated for 1 h at room temperature with 400 cohesive end units of T4 DNA ligase (NEB). The substrate was extracted with phenol/chloroform and ethanol precipitated. Free primer (PS2) was removed by electrophoresing the DNA briefly in an 8% polyacrylamide gel and recovering the mature products by soak elution following identification by autoradiography.

DNA-binding reactions and gel-shift assays
------------------------------------------

DNA-binding reactions were performed with helicase substrates and single-stranded oligonucleotides (poly T), end-labeled and purified as described above. The reaction buffer for binding was 20 mM HEPES-NaOH pH 7.5, 75 mM NaCl, 5% v/v glycerol, 1 mM DTT, 1 mg/ml BSA and 0.1% v/v NP-40. Reactions were incubated for 20 min at 20°C before resolving complexes on 5% poly-acrylamide gels (29 : 1) using 0.25× TBE running buffer and pre-run for 2--3 h before loading. Visualization and quantification was as described above.

ATP*ase* assays
---------------

ATP*ase* activity was determined in 20 mM HEPES-NaOH pH 7.5, 75 mM NaCl, 5 mM MgCl~2~, 5 mM ATP, 0.0125 µM (γ-^32^P)ATP (6000 Ci/mmol), 1 mM DTT, 0.1 mg/ml BSA and 0.1% v/v NP-40. Reactions were incubated at 20°C and phosphate released determined by the charcoal binding method of Iggo and Lane ([@B22]).

RESULTS
=======

Purification of the hPifHD core helicase domain (hPifHD)
--------------------------------------------------------

The hPif1 ORF (641 amino acids) was amplified by PCR from HEK 293 cells following reverse transcription of mRNA. The sequence assembled from multiple amplification products matched the existing sequence in the data-base except for a single conservative substitution at codon 69. The sequences outside this core helicase motif are not required for helicase activity ([@B17],[@B23]) and we expressed and purified to near homogeneity the helicase domain of hPif1 (hPifHD, amino acids 206--620, 45.5 kDa predicted, see [Figure 1](#F1){ref-type="fig"}A), free from the GST tag. [Figure 1](#F1){ref-type="fig"}B shows an SDS-PAGE analysis of the peak fractions from the final gel filtration step of purification. Extents of ssDNA-dependent ATP*ase* and helicase activity corresponded exactly with the protein concentration of the peak fractions ([Figure 1](#F1){ref-type="fig"}C and D). Furthermore, a mutation of the conserved ATP*ase* Walker B motif (E307Q) completely abolished helicase activity (and ATP*ase* activity, not shown), but not the ssDNA-binding activity of hPifHD assayed with a ^32^P-labeled 55 base poly T oligonucleotide ([Figure 1](#F1){ref-type="fig"}E). We also performed a helicase polarity assay with helicase substrates consisting of a 20 bp dsDNA segment and either a 3′ or 5′ ssDNA tail of 55 T residues. Like other Pif1 proteins, hPifHD only unwound the substrate with a 5′ single-stranded DNA (ssDNA) overhang and is thus by convention a 5′→3′ helicase ([Figure 1](#F1){ref-type="fig"}F).

hPifHD binds and initiates unwinding on substrates with an extended 5′ ssDNA tail
---------------------------------------------------------------------------------

To determine how the length of the 5′ overhang effects the efficiency of initiation of unwinding, substrates were generated with a 20 bp dsDNA portion and 5′ poly T ssDNA tails of increasing length (0--65 residues, substrates PST0-65, see [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp671/DC1) for a detailed description of the substrates used). Substrates with 5′ T tails up to 15 residues (PST0, PST5 and PST15, lanes 5--15) are unwound poorly or not at all by the hPifHD enzyme ([Figure 2](#F2){ref-type="fig"}A, lanes 1--15). As the length of the 5′ tail increases from 25 to 55 residues (PST25 to PST55, lanes 16--35), the initiation of unwinding was progressively more efficient. No significant increase in the extent of unwinding was observed when the 5′ tail length was increased to 65 residues (lanes 36--40 and graphed data). Figure 2.hPifHD DNA unwinding and DNA binding as a function of 5′ tail length. (**A**) ^32^P-end-labeled substrates were generated with a 20-bp dsDNA portion and 5′ T tails of increasing length. The position of the label is indicated with a circle on the depiction of the substrate as in all subsequent figures. Reaction products (0.1 nM substrate; 2.5, 10 and 40 nM hPifHD) were resolved on poly-acrylamide gels and the extents of unwinding determined from quantified phosphorimages. Boil indicates the heat-denatured substrates. The graph on the right shows that unwinding increases with tail lengths up to 55 bases (data for 40 nM hPifHD, average of three repeats). (**B**) Binding of hPifHD to partially single-stranded substrates, as in (A) in the absence of ATP/Mg^2+^ Binding reactions (0.1 nM probe; 0.1, 2.5 and 5 nM hPifHD) were resolved on native poly-acrylamide gels. Two predominant complexes (C1 and C2) formed on probes with ssDNA tails of 15 bases or more, and a third formed at higher concentrations (C3). As the size of the probes increased, complexes became more difficult to resolve, particularly C1 from free probe. However, careful comparison of the lanes with no protein with those containing protein reveal distinct shifts, for example, lane 21 compared with lane 22, PST45.

To complement the unwinding assays we also examined hPifHD binding, without ATP, to the helicase substrates using a gel-shift assay ([Figure 2](#F2){ref-type="fig"}B). hPifHD bound to all the substrates tested (PST0 to PST65, 0.1--5 nM hPifHD protein), but the extent of binding increased with increasing 5′ ssDNA tail length. Substrates PST0, PST5 and PST15 that were poorly unwound all bound hPifHD, but at lower extents compared with the other substrates (lanes 1--12). Long dsDNA sequences (60 bp) were also bound poorly by hPifHD (see below). There was a significant increase in binding to substrate PST25 (lanes 13--16) compared with PST15 and two predominant complexes, C1 and C2, were observed. For all other substrates (PST35--PST65, lanes 17--32), there were also two main complexes formed and probe binding activity was similar in each case. However, a third complex (C3) also appeared at high protein concentrations for substrates PST45--PST65, and there was increased retention of the substrate in the wells. Complex C2 was the predominant complex to form on the substrates that were most efficiently unwound (PST55 and PST65). The binding affinity of hPifHD and the ability to form higher order complexes on the substrates therefore correlates well with the ability to initiate unwinding. Furthermore, similar binding patterns were observed in the presence of nucleotide cofactors, although the binding affinities of all substrates tested were significantly reduced ([Supplementary Figure 2A](http://nar.oxfordjournals.org/cgi/content/full/gkp671/DC1)).

Binding of hPifHD to ssDNA
--------------------------

We also tested hPifHD binding to poly T oligonucleotides of increasing length ([Figure 3](#F3){ref-type="fig"}A). The protein did not bind oligonucleotides of 25 bases (lanes 1--4) or less (not shown) over the protein concentration range tested (0.1--2.5 nM). Poly T oligonucleotides from 30 up to 50 residues bound with increasing affinity, complementing the observations for the partially single-stranded test substrates described above. However, only a single discrete shifted complex was observed for all oligonucleotides and, curiously, the mobility of the shifted complex increased with the increasing length of the oligonucleotide. Furthermore, our protein--DNA titration indicate a one to one stoichiometry for hPifHD ssDNA binding, suggesting that the enzyme does not multimerise on ssDNA like the hexameric helicases. Figure 3.hPifHD interactions with ssDNA. (**A**) Binding to ^32^P-end-labeled poly T probes of increasing length (0.1 nM probe; 0.1, 0.5 and 2.5 nM hPifHD) was assesed by gel-shift assay. Significant binding was detected only with probes of 35 bases or greater (lanes 9--28). (**B**) Stimulation of hPifHD ATP*ase* activity as a function of probe length and concentration. hPifHD (50 nM) was incubated with oligonucleotides T8, T16, T30 and T55 at three concentrations, 25, 50 and 200 nM, and product release (from 5 µl of reaction) determined after 10 min. During this time period ATP*ase* activity was in the linear range.

To complement the ssDNA binding studies we also tested how oligonucleotide length stimulated the ATP*ase* activity of hPifHD ([Figure 3](#F3){ref-type="fig"}B). In the absence of ssDNA or with dsDNA the ATP*ase* activity of the enzyme is low ([Supplementary Figure 2](http://nar.oxfordjournals.org/cgi/content/full/gkp671/DC1)B). With the concentration of hPifHD fixed at 50 nM we measured ATP*ase* activity at different ssDNA concentrations (25, 50 and 200 nM) of four polynucleotides of different length, T8, T16, T30 and T55. ATP*ase* activity in the presence of oligonucleotides T8 and T16 was low compared with T30 and T55 and did not rise significantly as the ratio of DNA to protein increased. The stimulation of ATP*ase* activity by T55 was greater than that for T30 at each ratio of DNA to protein and each increased with the ssDNA concentration. However, the stimulation of ATP hydrolysis promoted by T30 relative to T55 increased with higher DNA to protein ratios. The ability of oligonucleotides of increasing length to stimulate hPifHD ATP*ase* activity therefore parallels their relative DNA binding affinities observed in the gel-shift assay.

Unwinding of replication fork-like substrates by hPifHD
-------------------------------------------------------

Duplex DNA with ssDNA extensions represent the simplest DNA substrates for hPifHD unwinding, so we therefore tested the unwinding of a more complex series of fork-like DNA structures. First, we generated fork-like structures with two ssDNA tails, by adding a 3′ poly C-tail to the substrate PST55 (55 base 5′ T tail, 20 bp duplex), as illustrated in [Figure 4](#F4){ref-type="fig"}. As shown in [Figure 4](#F4){ref-type="fig"}A, for fork-like molecules with a 3′ tail as short as 10 residues the proportion of substrate unwound by hPifHD increased slightly compared with PST55 at the lowest concentration of protein tested (lanes 7, 12, 17 and 22 compared with lane 2 and graph on the right). However, as the protein concentration was increased, the 3′ tails of increasing length were increasingly inhibitory for unwinding. Figure 4.Unwinding of fork substrates by hPifHD. (**A**) Fork-like substrates were generated comprising of a 20 bp duplex and a 55 base 5′ T tail (PST55/PST55-C0) and a 3′ poly C tail of increasing length (10, 20, 30 and 55 residues, from PST55-C10 to PST55-C55 respectively). Assays were performed as in [Figure 1](#F1){ref-type="fig"}A. (**B**) Unwinding of gapped substrates by hPifHD. Unwinding substrates were designed with two 20 bp duplex regions of equivalent *T*~m~, one with a 55 base 5′ T-tail, annealed to a complementary strand; an increasing length of unpaired T residues was introduced between the duplex portions on the bottom strand to generate gapped molecules. Assays were performed and analyzed as described for [Figure 1](#F1){ref-type="fig"}A. Lanes 26--29 are markers for the single-stranded forked products produced. Statistical data show fork formation as a function of gap size (10 nM hPifHD, graph on the left) and a comparison of products formed for PST55-Gap20 (graph on the right). (**C**) The apparent unwinding reactions on the fork substrate are described as R1 (engagement of the free T55 5′ tail) and R2, engagement of the ssDNA of the gapped duplex.

We next tested fork-like molecules with a dsDNA component instead of the 3′ poly C extensions. We designed the test substrates so that both portions of the duplex were 20 bp and the same *T*~m~, and increased the spacing between the duplex portions of the substrate stepwise from a nick to a gap of up to 30 unpaired T residues on the bottom strand. These are therefore flap-like substrates. The oligonucleotide with the 55-base T tail was displaced from the substrate with no unpaired T residues on the bottom strand (20 bp duplex arm) to a similar extent to the substrate with a 20 C residue 3′ tail ([Figure 4](#F4){ref-type="fig"}A, lanes 11--15 compared with [Figure 4](#F4){ref-type="fig"}B, lanes 6--10). Surprisingly however, the unwinding products of this and all other flap substrates consisted of fork molecules without the 20 bp 5′ oligonucleotide, as well as the ssDNA oligonucleotide with the T55 ssDNA tail ([Figure 4](#F4){ref-type="fig"}B). Increasing the spacing between the duplex portions of the molecule from a nick to 10 unpaired T residues resulted in significant stimulation of formation of the ssDNA-forked molecules (∼6-fold, [Figure 4](#F4){ref-type="fig"}B, lanes 11--15 compared with 6--10). Increasing the length of the unpaired T residues between the duplex portions of the molecule to 20 (PST55-Gap20) promoted fork formation further, but there was no further increase with 30 unpaired T residues (PST55-Gap30; [Figure 4](#F4){ref-type="fig"}B, lanes 16--24). The graph below on the left shows fork formation as a function of unpaired T residues for reactions at 10 nM hPifHD. Quantification of the assays performed with the PST55-Gap20 substrate demonstrated that the balance of product formation was biased significantly toward formation of the ssDNA-fork \[i.e. displacement of 20 base oligonucleotide; reaction 2 (R2)\], rather than displacement of the 5′ T55 tailed molecule \[reaction 1 (R1)\], as shown in the graph on the right. In [Figure 4](#F4){ref-type="fig"}C we have summarized the actions of hPifHD on these substrates (reactions R1 and R2).

hPifHD possesses an intrinsic strand annealing activity
-------------------------------------------------------

One interpretation of the data in [Figure 4](#F4){ref-type="fig"}B is that hPifHD can engage gapped dsDNA molecules with an ssDNA flap and unwind either of the duplex portions of such molecules as summarized in [Figure 4](#F4){ref-type="fig"}C. Another possibility is that the enzyme first engages and unwinds the flap duplex part (R1), reengages the substrate to displace the 20 bp oligonucleotide, and then promotes re-annealing of the molecules that comprise the ssDNA-fork. To test the latter, we determined whether hPifHD had strand annealing activity using the component oligonucleotides of substrate PST55-Gap20, each end-labeled with ^32^P ([Figure 5](#F5){ref-type="fig"}, lanes 1--3). For the substrate PST55-Gap20 (lanes 4--8), the products of hPifHD action included the products of reactions 1 and 2 but not the free bottom strand of the template. Displacement of the 20 base oligonucleotide from this substrate was significantly more efficient than its displacement from the substrate lacking the extended free 5′ T flap (lanes 23--27), suggesting that generation of the ssDNA fork-like molecules predominantly occurs by direct displacement of the 20-mer from PST55-Gap20. Surprisingly, when all three component-strands of PST55-Gap20 were mixed and incubated under the same helicase reaction conditions we detected a robust strand annealing activity (lanes 9--12). Annealing of the long oligonucleotides to generate the single-stranded fork-like molecule was more efficient compared with annealing of the 20 base oligonucleotide to its complementary strand (lanes 13--22 and 9--12). Strand annealing activity did not require ATP binding and hydrolysis (data not shown). The conserved hPif1 helicase domain therefore possesses an intrinsic strand annealing activity, complicating a quantitative assessment of hPifHD helicase activity on ssDNA fork and flap substrates. Figure 5.Strand annealing activity of hPifHD. Lanes 1--3, labeled component strands of the flap substrate PST55-Gap20. Lanes 4--8, reaction products for hPifHD action on the substrate PST55-Gap20. Lanes 9--12, annealing of the component oligonucleotides of substrate PST55-Gap20 catalysed by hPifHD. The long strands of the substrate are preferentially annealed. Lanes 13--17 and 18--22, annealing of individual pairs of the component oligonucleotides of PST55-Gap20. Lanes 23--27 and 28--32, hPifHD action on the substrate lacking the ssDNA flap oligonucleotide and the reference substrate PST55, respectively.

hPifHD unwinds short stretches of dsDNA
---------------------------------------

The results described above indicate that the strand displacement and strand annealing activities of hPifHD compete. The apparent proficiency with which the substrate PST55 is unwound is likely a result of the inefficiency with which the enzyme catalyses the re-annealing of short duplex (20 bp) sequences. Given this, we sought to determine the effective strand displacement activity of hPifHD on extended duplex substrates. Substrates were generated with a 55 T 5′ ssDNA tail and a variable double stranded portion increasing in 20 base increments. The method that we used to generate the mix was based on the ligation of linkers to substrate PST55, modified to include a cohesive end that was phosphorylated with \[γ-^32^P\]ATP. The substrate mix thus generated contains a population of molecules with an increasing duplex portion for hPifHD unwinding ([Figure 6](#F6){ref-type="fig"}A). [Figure 6](#F6){ref-type="fig"}B, lanes 1 and 2 show the substrate boiled and analysed on a native polyacrylamide gel, with or without formamide loading buffer. Lane 3 shows the native substrate and lanes 4--6 unwinding of the substrate in the presence of increasing concentrations of hPifHD. Only the partially single-stranded substrate molecules with a 20 bp duplex were effectively displaced by the enzyme. The efficiency of unwinding of the 40 bp substrate was less than 50% of that of the 20 bp species and the maximum effective length of unwinding was less than 100 bp. We also note that the intensity of very high substrate bands appeared to increase with increasing hPifHD concentration in the reactions. It is unclear how these products form but one distinct possibility is that they arise due to the strand annealing activity of the enzyme. Figure 6.Action of hPifHD on substrates with an extended duplex. The ability of hPifHD to unwind progressively longer stretches of duplex DNA was assessed using a population of substrate molecules with a 55-base 5′ T tail and a duplex portion increasing in 20 base increments. (**A**) Schematic diagram of substrate generation. Two pairs of phosphorylated oligonucleotides were annealed as illustrated. The oligonucleotide annealed to the strand with a 55 base T extension was phosphorylated with (γ-^32^P)ATP. Double stranded oligonucleotides were ligated with a 5-fold molar excess of the non-tailed duplex oligo generating a series of products with a 55 base 5′ T tail and duplex portions increasing in 20 bp increments. (**B**) Unwinding products were resolved on a 6% (19 : 1) native poly-acrylamide gel. Lanes 1 and 2 show the substrates heat-denatured with and without formamide present. Lane 3 is the native substrate and lanes 4--6 unwinding product generated by hPifHD (2.5, 10 and 40 nM hPifHD). Lanes 7 and 8 are markers for the minimal substrate (55 bases 5′ ssDNA, 20 bp duplex), native and denatured respectively. The fractions (%) unwound for the 20, 40, 60 and 80 bp substrate molecules were 18, 8, 1.3 and 0% at 2.5 nM hPifHD; 41, 27, 8.5 and 1.8% at 10 nM hPifHD and 47, 43, 12.4 and 5% at 40 nM hPifHD.

hPifHD binds and unwinds DNA resembling stalled replication forks
-----------------------------------------------------------------

We also generated fork substrates, like those described in [Figure 4](#F4){ref-type="fig"}B, where the free 5′ ssDNA tail was replaced by a 55 bp duplex portion (ds55), and varied the ssDNA component of the molecule by introducing unpaired T residues between the fork junction and the 20 bp duplexes on the bottom strand, the only ssDNA for hPifHD binding. We first tested the substrate with 20 unpaired T residues on the bottom strand (ds55-Gap20, [Figure 7](#F7){ref-type="fig"}A), with all component oligonucleotides end-labeled with ^32^P. The only detectable reaction products for this substrate appeared to result from direct displacement of the 20 base oligonucleotide from the bottom strand (lanes 10−14), and the reaction efficiency approached that of our reference substrate PST55 (lanes 15−19 and see below). Figure 7.Binding and unwinding of stalled replication fork-like substrates by hPifHD. (**A**) A substrate (ds55-Gap20) was generated with two 20 bp duplex portions separated by 20 unpaired T residues with one extended to form a 55 bp dsDNA flap as illustrated. Each component oligonucleotide was end-labeled with ^32^P (lanes 1--4), and all possible combinations of annealed oligonucleotide generated (lanes 5--10). The only products of hPifHD action on the substrate ds55-Gap20 resulted from displacement of the 20 base oligonucleotide (lanes 10--14). Lanes 15--19, substrate PST55. (**B**) Fork-like substrates were generated and analysed, as described in (A), except that the number of unpaired T residues on the bottom strand was varied from 0 (a nick) to 30 residues. Substrates with 20 and 30 unpaired T residues (ds55-Gap20 and ds55-Gap30) were unwound to similar extents. The substrate with 10 unpaired T residues was less efficiently unwound at lower protein concentrations, while the substrate with a nick was not unwound by the enzyme. (**C**) Direct comparison of ds55-Gap20 with the substrate lacking the 55 bp flap (Gap20), or the substrate with a 20 base T overhang (PST20), reveals the dependence of the dsDNA arm of the substrate for efficient unwinding. (**D**) Binding of hPifHD to gapped DNA molecules and comparison to other substrates. Binding of hPifHD (0.1, 0.5 and 2.5 nM) to labeled DNA probes (0.1 nM) was analyzed by gel-shift. hPifHD bound the probe PST0-Gap20 with 20 unpaired T residue gap at high protein concentrations more effectively than the 60 bp probe (ds60) or the 40 bp duplex with a 20 base 5′ T tail (T20-ds40; lanes 9--12 compared with 1--4 and 5--8). The addition of 15 5′ T residues to the gapped substrate to generate a fork-like molecule (PST15-Gap20) further increased hPifHD-binding activity to levels comparable with PST55 (lanes 17--20 compared with lanes 9--16). Addition of larger ss- or dsDNA flaps resulted in complexes that were difficult to resolve.

We next compared substrates, where the number of unpaired T residues on the bottom strand was varied from 0 (a nick) to 30 bases in 10 base increments (ds55-Gap0-30, [Figure 7](#F7){ref-type="fig"}B). As above, all the strands of the substrates were labeled and all possible combinations of annealed oligonucleotides generated so the products could be unambiguously identified by electrophoresis. As before, the only unwinding products of these substrates were for displacement of the 20 base oligonucleotides (R2). Displacement of the 20 mer from ds55-Gap10 (10 unpaired T residues) was only slightly less efficient than from the substrates with 20 and 30 unpaired T residues at the higher protein concentrations, and the nicked substrate was not unwound at all. In [Figure 7](#F7){ref-type="fig"}C we show that without the 55 bp duplex arm (substrate Gap20), only minimal unwinding is observed, as with the substrate with a 20 base T overhang (PST20).

DNA structure and hPifHD DNA binding
------------------------------------

Since a gapped duplex component of the substrate appeared necessary but not sufficient for unwinding ([Figure 7](#F7){ref-type="fig"}B and C), we next asked if hPifHD had significant binding affinity for a simple gapped duplex molecule (PST0-Gap20; 0.1--2.5 nM protein). As before, DNA binding was assessed using the gel-shift assay ([Figure 7](#F7){ref-type="fig"}D). Minimal hPifHD binding was observed with a 60 bp duplex molecule based on the lower strand of PST0-Gap 20 (lanes 1--4). This same 60 bp sequence also stimulated ATP*ase* activity poorly compared with T55 ssDNA ([Supplementary Figure 2](http://nar.oxfordjournals.org/cgi/content/full/gkp671/DC1)). A probe with a 40 bp duplex and a 20 T residue 5′ tail (T20-ds40) was bound by hPifHD at the higher protein concentrations (lanes 5--8), consistent with previous observations ([Figure 2](#F2){ref-type="fig"}). When the 20 unpaired T residues were positioned between the two 20 bp duplex portions of the molecule (PST0-Gap20), there was a significant increase in binding affinity compared with T20-ds40: Approximately 50% of the probe was bound by a 5-fold lower concentration of hPifHD (lanes 5--8 compared with lanes 9--12). Addition of a short 15 base 5′ T tail to the gapped substrate (PST-15-Gap20, lanes 17--20) resulted in a further increase in binding affinity, to an extent similar to the substrate PST55 (lanes 13--16). Similar binding affinities were observed with other double or ssDNA tails of greater length but complexes became difficult to resolve (not shown). These data therefore complement the results of the unwinding data ([Figure 7](#F7){ref-type="fig"}B and C) and suggest that the gapped duplex portion of the replication fork structures tested contributes significantly to substrate recognition by hPifHD.

Unwinding of stalled replication forks by full-length hPif
----------------------------------------------------------

We have also over-expressed and purified recombinant full-length hPif1, although the enzyme is more difficult to obtain in quantities of similar purity to hPifHD. In [Supplementary Figure 3](http://nar.oxfordjournals.org/cgi/content/full/gkp671/DC1), we demonstrate that the enzyme has DNA strand displacement, DNA annealing and size dependent ssDNA binding activities similar to the core helicase module. Our data therefore indicate that hPif1 is a structure specific DNA helicase with specificity for synthetic DNA structures resembling putative stalled replication forks and that the initiation of unwinding activity is dependent on both arms of the fork. These DNA recognition and processing activities are intrinsic to the hPif1 helicase module.

DISCUSSION
==========

Genetic and biochemical studies in yeast and mammalian cells indicate a role for the Pif1 proteins in telomere stability and Okazaki fragment processing ([@B7],[@B14],[@B24],[@B25]), although it appears that the enzymes do not have identical functions even in related yeast species ([@B8],[@B11]). Work with yeast also implicates these enzymes in the maintenance of mitochondrial and nuclear genome stability ([@B5],[@B6]). The non-equivalence of function in related yeast species highlights the need for careful studies in mammalian cells. This assertion is strengthened in the light of recent, although contentious, data for other replication proteins. Zheng *et al.* ([@B26]) have proposed that the human DNA2 helicase/nuclease, a key enzyme in Okazaki fragment processing, is a mitochondrial enzyme while the yeast homologue has a nuclear function in DNA replication. However, more recently Duxin *et al.* ([@B27]) have presented evidence that human DNA2 participates in both nuclear and mitochondrial DNA maintenance. The Pif1 protein is envisioned to act upon specific nucleic acid structures that form during replication and require resolution before it can be completed. These include, in yeast, long flaps that escape FEN1 cleavage on the lagging replication strand ([@B25]). At the biochemical level, the helicase activity of yeast Pif1 resides solely in the conserved C-terminal two-thirds of the protein \[∼400 amino acids; ([@B17],[@B23])\]. Here we show that the corresponding human enzyme specifically recognizes and unwinds substrates envisioned to form when replication forks stall, implying a role for the human enzyme in processing such structures.

Using linear partially single-stranded substrates we first established that initiation of 5′→3′ helicase activity by hPifHD is dependent on an extended 5′ ssDNA tail of 55 bases ([Figure 2](#F2){ref-type="fig"}). Complementing this, our ssDNA binding studies demonstrate high affinity binding to a minimal ssDNA sequence of 35 residues, with increasing affinity up to 45--50 residues. Furthermore, the binding of multiple proteins to the longest oligonucleotide tested (55 T residues) was not observed and the protein--DNA titrations suggest a 1 : 1 stoichiometry of binding. ATP hydrolysis by hPifHD requires ssDNA and the ssDNA length dependence for hPifHD binding apparent by gel-shift analysis is also observed for the stimulation of ATP*ase* activity required for strand displacement ([Figure 3](#F3){ref-type="fig"}). This ssDNA length is large in comparison with other known helicases ([@B28]) and the data also hint at an unusual mode of binding as the mobility of the protein--DNA complex appears to increase with DNA length ([Figure 3](#F3){ref-type="fig"}A). One distinct possibility is that the ssDNA wraps around hPifHD, contacting one or more extended or remote binding sites on the protein surface. hPifHD binding affinity for the partially single-stranded helicase substrates also increased progressively with ssDNA tail length ([Figure 2](#F2){ref-type="fig"}B). hPifHD bound predominant as two complexes, C1 and C2, of which the higher-order species (C2) forms more readily on the substrates that are more efficiently unwound. The related SF1 and SF2 helicases generally act as monomers or dimers ([@B29; @B30; @B31]). Although the composition of the hPifHD unwinding complex is currently uncertain, the data indicate that the cellular DNA substrates of hPif1 may recruit multiple monomers and that functional co-operativity of monomers may lead to improved helicase action, as with other SF1 helicases such as the *E. coli* Rep protein ([@B31]).

Helicases are viewed to translocate along one nucleic acid strand when unwinding ([@B1]). During the productive phase of unwinding the nucleic acid contacts made by the helicase would not necessarily resemble those for the initial structure-specific recognition of a preferred substrate. Thus, although partially single-stranded test substrates may be efficiently bound and unwound by a helicase they can give an incomplete view of substrate specificity. When we tested hPifHD unwinding of ssDNA fork molecules we observed only a modest stimulation of unwinding at low protein concentrations. However, higher protein concentrations, that otherwise promoted unwinding of the linear substrate PST55, appeared inhibitory for unwinding ([Figure 4](#F4){ref-type="fig"}A). Similar results were obtained when the 3′ arm of the fork was converted to duplex DNA and a variable number of T residues introduced between this duplex portion and the flap junction ([Figure 4](#F4){ref-type="fig"}B): Displacement of the 5′ flap oligonucleotide (reaction 1) appeared to be inhibited in favor of displacement of the 20 base oligonucleotide (reaction 2), even when very short stretches (10 bases or less) of unpaired T residues were available on the putative loading strand. The exact mechanism of reaction 2 on these substrates is difficult to determine. Our subsequent analysis demonstrated that although direct displacement of the 20 base oligonucleotides from its complementary strand is inefficient compared with the parent flap structure ([Figure 5](#F5){ref-type="fig"}, lanes 4--8 compared with lanes 23--27), a concerted mechanism of displacement coupled with the strand annealing activity of hPifHD could prevail. Several SF1 and SF2 helicases have been shown also to have ssDNA strand annealing activity ([@B32; @B33; @B34]). We were surprised to observe this annealing activity since Gu *et al.* ([@B20]) recently reported that N-terminal sequences outside the core hPif1 helicase domain alone have strand-annealing activity. In the case of human RecQ5β protein, the core helicase domain (analogous to hPifHD we have analyzed) has a strong strand annealing but not strand displacement activity in the absence of an adjoining regulatory domain ([@B35]). Our data demonstrate that full-length hPif1 has very similar DNA unwinding and strand-annealing (and also DNA binding) properties as those described for hPifHD ([Supplementary Figure 3](http://nar.oxfordjournals.org/cgi/content/full/gkp671/DC1)), and hence the two catalytic activities appear to compete freely.

Although interpretation of the precise action of hPIf1 on ssDNA flap structures is problematic due to the strand annealing activity of the enzyme, the action of hPif1 on putative stalled replication fork structures is clearer. R2, potentially resembling leading strand reversal of such forks, is robust. This activity is significant even on substrates that contain only small regions of ssDNA on the loading strand of the fork (as little as 10 and as much as 20 unpaired T residues, [Figure 7](#F7){ref-type="fig"}), much smaller than those required for efficient ssDNA binding and stimulation of ATP*ase* activity ([Figure 3](#F3){ref-type="fig"}), or initiation of unwinding on simple partially single-stranded test substrates ([Figures 2](#F2){ref-type="fig"} and [7](#F7){ref-type="fig"}). Furthermore, initiation of unwinding is also dependent on structural features of the second arm of the synthetic replication fork. The dsDNA component is essential, although dsDNA itself does not bind or stimulate hPifHD ATP*ase* activity efficiently ([Figures 7](#F7){ref-type="fig"} and S2). On the basis of these data we speculate that hPif1 may recognize and process stalled DNA replication forks, reversing the leading replication strand to generate a free 3′ end and ssDNA. With hPif1 alone, this displaced DNA sequence may be small ([Figure 6](#F6){ref-type="fig"}). However, this could be extended if hPif1 unwinding were increased by a processivity factor as is the case with other SF-1 helicases such as RecD and PcrA ([@B36],[@B37]), or may be sufficient if further processing involves the strand annealing activity of the enzyme ([Figure 5](#F5){ref-type="fig"}). We also speculate that the structure specific mode of DNA recognition may restrict hPif1 activity *in vivo*. Although substrates with extended 5′ ssDNA tails are good substrates for unwinding *in vitro*, competition with RPA binding may prevent unwinding of such substrates *in vivo.* The ssDNA component of the stalled replication-fork like substrates we have tested is essential for the initiation of unwinding, but small in comparison to the described high affinity binding site size for RPA \[\>30 nt; ([@B38],[@B39])\], thus such a competition for binding may favour hPif1 and this should be testable *in vitro* using the systems we have described. In summary, we suggest that hPif may have a role in replication control and replication fork restart mechanisms as has been described for other helicases ([@B40]). In the light of recent yeast genetics studies implicating *S.c.*Pif1 in processing G-quadraplex structures *in vivo* ([@B41]), it is also possible that hPif1 may rescue stalled forks resulting specifically from non-B form DNA structure formation. Our data will also facilitate the biochemical testing of this possibility in the human system.
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